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The large membrane protein complexes of mitochondrial oxidative phosphorylation are composed
of central subunits that are essential for their bioenergetic core function and accessory subunits
that may assist in regulation, assembly or stabilization. Although sequence conservation is low, a
signiﬁcant proportion of the accessory subunits is characterized by a common single transmem-
brane (STMD) topology. The STMD signature is also found in subunits of other membrane protein
complexes. We hypothesize that the general function of STMD subunits is to organize the hydropho-
bic subunits of large membrane protein complexes in specialized environments like the inner mito-
chondrial membrane.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Efﬁcient energy supply for the cell by oxidative phosphorylation
(OXPHOS) is based on the catalytic activity of large and complex
membrane proteins. Respiratory complex I, cytochrome bc1 com-
plex and cytochrome c oxidase are the main constituents of an
electron transport chain that utilizes electrons donated by NADH
to reduce molecular oxygen to water and convert the redox energy
into an electrochemical proton gradient that drives ATP synthesis
by ATP synthase.
The subunit composition of OXPHOS complexes has been stud-
ied in great detail in different organisms. Here we focus on Saccha-
romyces cerevisiae as a representative for lower eukaryotes and on
Bos taurus for mammalian systems. Since complex I is absent in fer-
menting yeasts, for this complex we will discuss that from Yarrow-
ia lipolytica, an aerobic yeast that has been established as a
genetically amenable model organism [1]. In S. cerevisiae the elec-chemical Societies. Published by E
n desorption; LMW subunit,
d laser desorption ionisation;
ative phosphorylation
sität, Fachbereich Medizin,
furt ‘‘Macromolecular Com-
rankfurt am Main, Germany.tron transfer function of complex I is carried out by alternative
NADH dehydrogenases of the NDH-2 type [2,3].
Employing laser induced liquid bead ion desorption [4] and ma-
trix assisted laser desorption ionisation [5] mass spectrometry not
less than 40 subunits could be identiﬁed in complex I from Y.
lipolytica, while the bovine enzyme was even shown to contain
45 different polypeptides [6]. Cytochrome bc1 complex comprises
10 subunits in yeast and 11 subunits in bovine heart [7], while
for ATP synthase 17 subunits were reported for both organisms
(overview in [8]). For cytochrome c oxidase 11 and 13 subunits
were described for yeast and bovine heart, respectively [9,10]. In
contrast, the corresponding enzyme complexes from prokaryotes
display a signiﬁcantly lower complexity with typically 14 subunits
for complex I, 3 subunits for the cytochrome bc1 complex, 3 or 4
subunits for cytochrome c oxidase and 8 subunits for ATP synthase
(Table 1). This remarkable discrepancy prompted the differentia-
tion between ‘‘central” subunits that harbour the bioenergetic core
functions and are conserved between eukaryotes and prokaryotes,
and ‘‘accessory” or ‘‘supernumerary” subunits that are not present
in prokaryotes and show a variable distribution and degree of con-
servation among eukaryotes [11]. We prefer the designation
‘‘accessory” instead of ‘‘supernumerary”, as it underscores the
functional and structural importance of these proteins.
With the exception of subunit 8 of ATP synthase, all accessory
subunits of mitochondrial OXPHOS complexes are encoded bylsevier B.V. All rights reserved.
Table 1
Central and accessory subunits of OXPHOS complexes.
Subunits Complex I Cyt. bc1 complex Cytochrome c oxidase ATP synthase
B. t.a Y. l. P. d. B. t. S. c. P.d. B. t. S. c. P. d. B. t. S. c. P.d.
Total 45 40 14 11 10 3 13 11 4(3)c 19 17 8
Central 14 14 14 3 3 3 3 3 3 8 8 8
Accessory 31 26 – 8 7 –b 10 8 1 11 9 –
STMDs 14e 8 – 3 3 –b 7 5 (1)d 6 6 –
a B.t., Bos taurus; Y.l. Y. lipolytica; S.c., S. cerevisiae; P.d., Paracoccus denitriﬁcans (as representative for eubacteria).
b The bc1 complex of R. sphaeroides contains 4 subunits, one being a supernumerary subunit.
c Bacterial aa3 type cytochrome c oxidase contains 3 central subunits; frequently one small supernumerary subunit is found.
d Subunit IV of P. denitriﬁcans is not a typical STMD because it lacks charged residues in the C-terminal domain.
e Only 13 qualify as STMD using the algorithm hmmtop.
V. Zickermann et al. / FEBS Letters 584 (2010) 2516–2525 2517the nuclear genome. Conversely, the mitochondrial genome com-
prises a signiﬁcant proportion of the genes encoding for central
subunits. The central subunits will not be discussed further in this
review. We here focus on the accessory subunits and the question
why they became prominent and largely indispensable compo-
nents of mitochondrial membrane protein complexes.
2. General function of accessory subunits of OXPHOS complexes
Accessory subunits have been suggested and in some cases
shown to be involved in regulation of catalytic activity, to serve
as components of metabolic pathways not directly linked to energy
conservation and to take part in the assembly and stabilization of
OXPHOS complexes. However for many accessory subunits espe-
cially in complex I, functions are still unknown or poorly under-
stood and characterized.
Eukaryotic cytochrome c oxidase was shown to be regulated by
the ATP/ADP ratio and as many as seven regulatory nucleotide
binding sites have been reported [12]. Nucleotide binding sites
have been assigned to the bovine accessory subunits IV and VIa2
(overview in [13]). The inhibition of cytochrome c oxidase by
ATP was found to be modulated by 3,5-diiodothyronine (T2) and
a corresponding hormone binding site was assigned to globular
subunit Va from bovine heart [14]. Another element of regulation
is the switch between isoforms of accessory subunits in response
to environmental conditions. E.g. differential expression of yeast
subunits Va and Vb (mammalian IV-1 and IV-2) is governed by
oxygen availability and was shown to change the maximal turn-
over rate of the enzyme threefold by modifying the electron trans-
fer rate between heme a and a3 in the central subunit I [15].
The SDAP subunit of bovine complex I [16] has been classiﬁed
as an acyl carrier protein and two homologous proteins of this type
were detected as bona ﬁde subunits of complex I from Y. lipolytica
[17]. It has been speculated that the acyl carrier protein subunits
are involved in mitochondrial fatty acid synthesis and/or supply
of precursors for lipoic acid biogenesis [18,19]. However, the exact
physiological role of the acyl carrier protein subunits of complex I
remains to be established. Another example for a metabolic func-
tion of accessory subunits is the presence of carbonic anhydrase
in complex I from plants [20].
Deletion of any of the yeast cytochrome bc1 complex subunits
QCR6 to QCR9 interferes strongly with assembly and/or stability
of this membrane protein complex (overview in [21]). If the gene
coding for subunit QCR10 is deleted, all remaining central and
accessory subunits are assembled, but improper association of
cytochrome b with the Rieske iron sulphur protein leads to lower
activity and decreased stability of the enzyme complex [7]. Inter-
estingly, ex post removal of subunit QCR10 during puriﬁcation of
cytochrome bc1 complex did not result in decreased stability of
the enzyme complex or weaker binding of the Rieske iron sulphur
protein [7,22]. Deletion of the nuclear encoded subunits IV to VIIand of subunit IX of yeast cytochrome c oxidase prevented forma-
tion of a functional enzyme complex (overview in [23]). For com-
plex I an essential assembly function for accessory subunits ESSS
and MWFE (NESM and NIMM in Y. lipolytica) was established using
Chinese hamster cell lines by the Schefﬂer group [24,25], and for
the accessory 14 and 11.5-kDa subunits of complex I from the fun-
gus Neurospora crassa [26]. The latter two subunits correspond to
subunits NB6M and NIPM in Y. lipolytica and to subunits B16.6
and PFFD in bovine heart, respectively. Interestingly, subunits ESSS
and MWFE were found to be phosphorylated [27] and implications
of this modiﬁcation for assembly or stability of the enzyme com-
plex have been discussed [28].
Although the plethora of accessory subunits seems to cover a
broad spectrum of functions, it is quite remarkable that a promi-
nent number of these proteins are characterized by a common sin-
gle transmembrane domain (STMD) topology.
3. Single transmembrane domain (STMD) subunits
Sequence analysis of accessory complex I subunits indicated
that for a substantial number of them alignment and unambiguous
identiﬁcation of orthologues is notoriously difﬁcult. Despite low
sequence similarity however, it was possible to deﬁne a subgroup
of subunits in the mass range from 6 to 19 kDa sharing a common
predicted topology [11,29]. These STMD subunits are deﬁned by a
hydrophobic a-helical region separating two hydrophilic N- and
the C-terminal domains. Thus the STMD subunits are representa-
tives of the simplest class of integral membrane proteins ﬁrmly
ﬁxed in the phospholipid bilayer (Fig. 1).
In bovine complex I, 14 out of 31 accessory subunits could be
classiﬁed as STMD subunits, and in complex I from Y. lipolytica
for 8 out of 26 subunits the STMD fold was predicted ([11,29]; Ta-
ble 1). The typical STMD subunit NESM (ESSS in bovine heart)
could be localized in the membrane arm of complex I from Y.
lipolytica by immune electron microscopy [5]. When we expanded
our analysis to accessory subunits from other OXPHOS complexes,
we found that the STMD topology was not conﬁned to complex I. In
contrast, STMD subunits represent a signiﬁcant fraction of acces-
sory subunits in mitochondrial cytochrome bc1 complex, cyto-
chrome c oxidase and ATP synthase (Table 1). In the very well
characterized OXPHOS complexes from bovine heart mitochondria
for example more than one third of the subunits are STMD proteins
(Table 2).
The detailed features of these 31 proteins and their homologues
in Y. lipolytica for complex I and S. cerevisiae for the other com-
plexes are compiled in Table 2. For subunits from yeast and bovine
cytochrome bc1 complex [22,30] and from bovine cytochrome c
oxidase [10] X-ray structures are available. For all other subunits
topology prediction was carried out using the algorithm hmmtop
[31]. We found that the size of the hydrophilic domains may vary
considerably, but as a general feature they typically contained a
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Fig. 1. Schematic representation of a typical STMD subunit of complex I from two organisms. Left, ESSS subunit from bovine heart; right, homologous NESM subunit from the
yeast Y. lipolytica. The N-terminus that is on the matrix side of mitochondria is depicted on top, the C-terminus is shown beneath the transmembrane helix (light grey). IMS:
inter membrane space.
2518 V. Zickermann et al. / FEBS Letters 584 (2010) 2516–2525signiﬁcant number of charged residues. In the C-terminal domains
of subunits e and f of bovine and k of yeast ATP synthase for exam-
ple, 53%, 54% and 50% of the amino acids are aspartates, gluta-
mates, lysines or arginines which is more than twice of the
proportion found on average in other proteins [32]. In some very
small hydrophilic domains, the proportion of charged residues
was found to be even higher. In most cases the fraction of charged
residues is lower in the N-terminal than in the C-terminal domain.
There are a number of exceptions from this rule, but even if the
amino-terminus carries more charges, this excess is less pro-
nounced than in the many cases where a highly charged car-
boxy-terminus contrasts with a less charged amino-terminus. In
all cases where the transmembrane topology can be deduced from
an X-ray structure the N-terminal domain is located on the matrix
side. In contrast, the opposite topology has been determined for
the only mitochondrially encoded STMD subunit 8 of ATP synthase
[33,34]. In cytochrome bc1 complex the net charge distribution fol-
lows the ‘‘positive inside” rule [35] and as a general trend basic res-
idues prevail in STMD subunits of ATP synthase. In contrast
subunits ESSS, ASHI and AGGG of complex I are rather acidic. As
common features in many subunits we noted the hydrophobic a-
helical region to be immediately followed by charged residues
and pairs and triplicates of charged residues were commonly found
in the hydrophilic domains.
A comparison of bovine and yeast homologues reveals that in
many cases the charge distribution between and within the
charged domains is quite well conserved. This holds e.g. for sub-
units MWFE/NIMM of complex I, and subunits 6.4-kDa/10 and
7.2-kDa/9 of cytochrome bc1 complex. The total sizes of homolo-
gous STMD subunits are in some cases very similar, but may also
vary considerably.
The presence of STMD subunits is a prominent feature of mito-
chondrial OXPHOS complexes. However, the STMD signature can
be found also in a bacterial cytochrome bc1 complex. Rhodobactersphaeroides is a facultatively phototrophic purple bacterium. Its
cytochrome bc1 complex is part of the photosynthetic apparatus
that is housed in specialized invaginations of the plasma mem-
brane called chromatophores. Subunit IV of the cytochrome bc1
complex has one transmembrane helix and an extended N-termi-
nal domain with many charged residues. Deletion of this subunit
was shown to decrease activity and increase superoxide produc-
tion [36–38].
Photosystems I and II and the cytochrome b6f complex from
cyanobacteria to plants contain a number of low molecular
(LMW) subunits with only one transmembrane helix [39]. Many
of them comprise very small hydrophilic domains with just a few
residues. In extreme cases the transmembrane helix is terminated
by a single hydrophilic residue. Despite this limitation it is inter-
esting to note the overall similarity of LMW and STMD subunits
that may suggest a similar function for the respective photosyn-
thetic or OXPHOS complexes. However, in contrast to the accessory
subunits of mitochondrial OXPHOS complexes LMW subunits are
common components of prokaryotic photosynthetic enzyme com-
plexes and in eukaryotes the majority is not encoded by the nucle-
ar but by the plastidial genome. The impact of gene inactivation of
LMW subunits varies among species with generally milder effects
in cyanobacteria than in higher developed organisms. The majority
of these subunits has been suggested to function in assembly,
dimerization and stabilization of photosynthetic membrane pro-
tein complexes (overview in [39,40]). A special stabilizing role of
subunits psbH, psbI and psbK in plants may be important during
the complex repair cycle of photosystem II after photodamage that
requires the partial disassembly and exchange of the D1 subunit
(overview in [40]).
Finally, small transmembrane proteins are also found as compo-
nents of membrane protein complexes of the endoplasmic
reticulum or the archaebacterial cell membrane. The protein trans-
locating Sec complex typically consists of three transmembrane
Table 2
Single transmembrane subunits of OXPHOS complexes.
Complex Bos taurus ‘‘Yeast”a Identity/
similarity
(%)e
Subunitb Mr N-term C-term Remarks References Subunitb Mr N-term C-term Remarks References
Domainc,d
R residues
(%) charged
# basic/acidic
Domainc,d
R residues
(%) charged
# basic/acidic
Complex I ESSS
(Q8HXG5)
14.4 S 59
(34%)
7/13
47
(38%)
7/11
Function in assembly;
phosphorylation site S20 (matrix
localisation predicted)
[25,27,57] NESM
(Q6ZY23)
23.4 S 122
(34%)
22/20
64
(38%)
11/13
Personal communication
Schägger et al.
[5] 11/23
ASHI
(Q02372)
18.7 S 104
(31%)
13/19
34
(24%)
3/5
[58] NIAM
(Q6CA88)
14.6 S 72
(36%)
10/16
33
(36%)
6/6
Personal communication
Schägger et al.
[5] 17/31
B16.6
(Q95KV7)
16.5 28
(29%)
6/2
97
(30%)
14/15
N-terminus modiﬁed; cleavage of
ﬁrst M and acetylation of N-terminal
A; GRIM19 homologue
[59] NB6M
(B5FVF8)
14.0 30
(20%)
4/2
71
(38%)
15/12
GRIM19 homologue;
death domain absent in Y.
lipolytica
[5,59] 33/45
NUNM
(Q6C1R9)
13.3 17
(6%)
0/1
81
(30%)
11/13
Fungus-speciﬁc
B15
(P48305)
15.1 87
(29%)
15/10
24
(50%)
7/5
[58] NB5M
(Q6ZY24)
10.3 53
(26%)
9/5
21
(33%)
4/3
13/23
MWFE
(Q02377)
8.1 S 5
(20%)
0/1
46
(33%)
10/5
Function in assembly;
phosphorylation site S55
(intermembrane-space predicted)
[24,27,58] NIMM
(B5FVD3)
9.7 6
(17%)
0/1
62
(29%)
10/8
22/34
B9
(Q02371)
9.3 17
(29%)
3/2
48
(21%)
5/5
[58] NI9M
(B5FVF3)
7.7 25
(12%)
3/0
24
(25%)
4/2
21/29
B12
(Q02365)
11.0 60
(27%)
8/8
14
(50%)
4/3
[58] NB2M
(B5FVE5)
6.8 28
(32%)
7/2
13
(54%)
3/4
[5] 28/32
B14.5b
(Q02827)
14.1 52
(23%)
8/4
44
(41%)
8/10
Partial acetylation of N-terminal M
assumed
[60]
B17
(Q02367)
15.4 59
(34%)
12/8
46
(26%)
6/6
[58]
SGDH
(Q02380)
16.7 S 23
(35%)
6/2
96
(34%)
14/19
[58]
MLRQ
(Q01321)
9.3 S 13
(23%)
3/0
49
(31%)
8/7
[58]
KFYI
(Q02376)
5.8 S 14
(14%)
1/1
17
(47%)
4/4
[58]
AGGG
(Q02374)
8.5 S 21
(19%)
3/1
34
(32%)
1/10
[58]
Cytochrome bc1
complex
6.4-kDa
(P07552)
1BE3
6.4 S 16
(25%)
4/0
21
(38%)
4/4
Tight association with Rieske iron-
sulfur subunit
[61] 10
(P37299)
8.5 S 20
(15%)
3/0
33
(30%)
4/6
Important for assembly [7] 16/28
7.2-kDa
(P00130)
1BE3
7.2 S 16
(19%)
3/0
29
(38%)
5/6
[62] 9
(P22289)
1EZV
7.3 S 14
(21%)
3/0
29
(45%)
5/8
Essential for formation of
fully functional complex
[63] 30/44
(continued on next page)
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Table 2 (continued)
Complex Bos taurus ‘‘Yeast”a Identity/
similarity
(%)e
Subunitb Mr N-term C-term Remarks References Subunitb Mr N-term C-term Remarks References
Domainc,d
R residues
(%) charged
# basic/acidic
Domainc,d
R residues
(%) charged
# basic/acidic
9.5-kDa
(P13271)
1BE3
9.5 S 42
(21%)
8/1
19
(47%)
5/4
[64] 8
(P08525)
1EZV
11 S 52
(13%)
7/0
24
(38%)
4/5
[65,66] 19/35
Cytochrome c
oxidase
IV-1
(P00423)
1V54
17.2 S 76
(33%)
13/12
44
(34%)
8/7
Phosphorylation site Y11, 2 ATP/ADP
binding sites, highly conserved W,
overall least conserved subunit
[10,49,67,68] Va
(P00424)
14.9 S 70
(21%)
8/7
37
(27%)
6/4
[9] 15/34
Vb
(P00425)
15.2 71
(31%)
11/11
34
(27%)
6/3
Yeast isoforms subunit
Va/Vb identity 67%
similarity 75% oxygen
dependent isoform switch
with Va
[15] 18/30
IV-2 Isoform found in other mammals, e.g.
human subunit IV-2 (Q96KJ9) or
mouse subunit IV-2 (Q91W29);
hypoxia dependent isoform switch
with IV-1
[69]
VIa1
(P13182)
9.5 10
(20%)
0/2
50
(26%)
5/8
Liver isoform, ATP binding site
GDGXXT/S, contact to subunits I and
III, bovine isoforms subunit VIa1/a2
identity 58% similarity 67%
[49]
VIa2
(P07471)
1V54
9.4 S 12
(17%)
1/1
47
(21%)
7/3
Heart isoform, ATP binding site
GDGXXT/S, contact to subunits I and
III
[10,49,67] XIII
(P32799)
13.8 S 38
(26%)
6/4
57
(37%)
8/13
ATP binding site GDGXXT/
S, contact to subunits I
and III
[9,49] 25/37
VIc
(P04038)
1V54
8.5 S 12
(17%)
2/0
21
(38%)
4/4
Contacts subunits II and IV (motif:
FYX6K)
[10,49,67] IX
(P07255)
6.8 S 7
(0%)
0/0
8
(63%)
3/2
Contacts subunits II and
IV (motif:FYX6K)
[9,49] 19/29
VIIa1
(P07470)
1V54
6.5 S 25
(32%)
4/4
4
(25%)
1/0
Contacts subunit III [10,49,67] VII
(P10174)
6.8 S 13
(15%)
2/0
12
(33%)
4/0
[9] 14/32
VIIb
(P13183)
1V54
6.4 S 8
(38%)
2/1
22
(27%)
3/3
[10,67]
VIIc
(P00430)
1V54
5.4 S 17
(24%)
1/3
3
(67%)
2/0
Kinked helix, conserved PF pairs,
C-terminus contacts subunit I
[10,49,67] VIII
(P04039)
5.7 S 17
(29%)
3/2
6
(33%)
2/0
Kinked helix, conserved
PF pairs, C-terminus
contacts subunit I
[9,49] 36/49
VIIIa
(P14622)
5.0 11
(18%)
1/1
9
(56%)
3/2
Liver isoform, bovine isoforms
subunit VIIIa/b identity 48%
similarity 63%
VIIIb
(P10175)
1V54
5.0 S 11
(18%)
2/0
11
(27%)
2/1
Heart isoform [10,67]
ATP synthase g
(Q28852)
11.3 S 74
(20%)
e10/5
9
(33%)
2/1
Dimerization of ATP synthase, in
mammals, conserved acidic residue
in transmembrane helix
[70–72] g
(Q12233)
12.9 S 87
(18%)
12/4
10
(40%)
4/0
Dimerization of ATP
synthase
[48] 27/42
f
(Q28851)
10.2 S 18
(39%)
e4/3
15
(53%)
6/2
2 Transmembrane helices, (middle
strech: 4 basic residues)
[70] f
(Q06405)
10.6 S 60
(18%)
e9/2
15
(33%)
2/3
STMD, null mutant does
not show OXPHOS
[48,73] 20/35
2520
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pass integral membrane proteins and typically comprise highly
charged hydrophilic domains classifying them as STMD subunits.
The processing of nascent proteins in the ER includes glycosylation
by the oligosaccharyl transferase membrane protein complex [42].
The small subunit ost4 consists of a single transmembrane helix
with charged residues on either side and is critical for the forma-
tion and stability of the holo-enzyme complex [43].
4. STMD subunits organize the hydrophobic subunits of
membrane protein complexes
STMD subunits constitute a substantial fraction of the accessory
subunits of OXPHOS complexes, but are also found in other compli-
cated membrane protein complexes from different cellular local-
izations. The question arises, whether the common topology
reﬂects a common function of STMD subunits.
The assembly of large membrane protein complexes is a com-
plicated multi-stage process [21,23,44,45]. A remarkably high pro-
portion of accessory subunits that classify as STMD subunits of
cytochrome bc1 complex and cytochrome c oxidase were shown
to have an impact on assembly (Table 2). Moreover, the STMD fold
was also predicted for complex I subunits ESSS (NESM), MWFE
(NIMM) and B16.6 (NB6M) that have been reported to be essential
for complex I assembly (Table 2). It has been suggested previously
that the STMD subunits may also act in a way similar to chaper-
ones that in contrast to other assembly factors like the CIA proteins
[46] remain attached to the hydrophobic subunits [29]. However,
this poses the challenge to distinguish between an assembly func-
tion in the strict sense and a wider function that also includes sub-
sequent maintenance of the stability of a protein complex.
STMD subunit 10 of the yeast cytochrome bc1 complex is easily
lost during puriﬁcation without affecting activity or stability of the
remaining complex. However, if the complex is assembled in the
absence of QCR10 it is less active and the ‘Rieske’ iron-sulfur pro-
tein is much more loosely bound than in the wild-type enzyme.
This clearly indicates that this subunit has a deﬁned function and
is required for proper assembly of the ‘Rieske’ protein into the
cytochrome bc1 complex [7]. On the other hand the X-ray structure
of cytochrome c oxidase [10] reveals that the STMD subunits (dis-
played in red in Fig. 2) are evenly distributed around the perimeter
of a core of central subunits (displayed in white in Fig. 2). The heli-
ces are mostly not oriented vertically to the membrane plane and
are not in parallel to each other. This represents a pattern that was
predicted for stable helix-helix interactions [47] and is in line with
a suggested general stabilizing function of the accessory subunits
[10]. Moreover, subunit VIa mediates dimerization of cytochrome
c oxidase by forming contact sites at the interface of the two mono-
mers. Correspondingly, dimerization of ATP synthase was shown to
be stabilized by the STMD subunits e and g (Table 2; [48]).
Notably, none of the subunits found to exhibit STMD topology
have been implicated in accessory metabolic functions, but to-
gether with other accessory subunits STMD subunits IV and VIa
of bovine cytochrome c oxidase (subunits Va and XIII in yeast)
are discussed to be involved in regulation [13].
Thus, STMD subunits have been shown to cover three general
functions: assembly, stabilization/dimerization and regulation. It
seems remarkable that this broad functional spectrum is con-
trasted by a simple common topology and an overall limited se-
quence conservation. This raises the question, how the STMD
subunits originated and developed during evolution. Why are
STMD subunits prominent components of mitochondrial OXPHOS
complexes, while they are almost completely absent in their corre-
sponding bacterial counterparts?
Mitochondria and chloroplasts originated from eubacterial
endosymbionts. Das et al. investigated the evolution of nuclear
Fig. 2. Position of STMD subunits in bovine cytochrome c oxidase. X-ray structure of dimeric bovine cytochrome c oxidase [10,55] viewed in the membrane plane (upper
panel) and from the top (lower panel); central subunits are colored in white, accessory STMD subunits are colored in red, other accessory subunit have been omitted for
clarity. The STMD subunits encircle the central subunits and mediate contacts between the monomers. The ﬁgure was prepared with coordinates 2ZXW using the CCP4mg
package [56].
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did not originate from the mitochondrial genome. Rather these
subunits evolved only after the ﬁrst mitochondria had developed
[49]. It should be noted however that as an exception, STMD sub-
unit 8 of ATP synthase is encoded by the mitochondrial genome. It
has been suggested recently that the advent of nuclear encoded
STMD subunits was a key step during organelle evolution that al-
lowed the host cell to gain control over the assembly and activity
of the OXPHOS complexes in the inner membrane of mitochondrial
progenitors [50]. The increasing number of accessory subunits in
cytochrome c oxidase of higher organisms and the advent of
functional isoforms has been proposed to correlate with their
increasing demand for regulation of activity [13,51]. Allosteric reg-
ulation may be an evolutionary advanced function as the regula-tory nucleotide binding sites are only partially conserved
between taxa [49].
In any case, the inner membrane of present-day mitochondria is
highly specialized and all OXPHOS complexes except succinate
dehydrogenase are under dual genetic control of the nuclear and
the mitochondrial genome. Their assembly requires the balanced
expression and trafﬁcking of proteins that are encoded in the nu-
cleus and the mitochondrion. The STMD subunits may play a crit-
ical role in coordination of this process (Fig. 3). This may explain
why no accessory subunits are found for succinate dehydrogenase
that is entirely encoded by nuclear genes.
The inner mitochondrial membrane is very densely packed with
protein [52] and shaped to cristae, ﬂexible membrane folds that
can adopt a number of different shapes [53]. OXPHOS complexes
STMDs
mitochondrially
encoded subunits
STMDs
matrix
intermembrane
space
Fig. 3. Hypothetical function of STMD subunits. STMD subunits organize the hydrophobic subunits of membrane protein complexes. STMD subunits (orange) associate with
central membrane spanning subunits (blue grey) in the inner mitochondrial membrane and mediate their correct assembly while preventing uncontrolled aggregation.
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protein density even further [8]. ATP synthase dimers are building
blocks for further assembly to higher oligomeric structures that are
critical for formation of mitochondrial cristae [8,54]. It follows that
stabilization of the dimer by the two small STMD subunits e and g
of ATP synthase has an extensive impact onmitochondrial morphology.
A variation in the curvature of membranes might impose a sig-
niﬁcant strain on transmembrane subunits of membrane protein
complexes. It may be speculated that STMD subunits could help
to accommodate and efﬁciently anchor membrane protein com-
plexes in particular in the tensed environment of bent membranes.
On the other hand, the highly charged domains attached to the
transmembrane domain of STMD subunits may help to transiently
shield hydrophobic surfaces and to effectively prevent uncon-
trolled or premature aggregation of hydrophobic subunits or
assembly intermediates (Fig. 3). This would imply a highly speciﬁc
role of each STMD subunit in a deﬁned assembly step of a multi-
protein complex and explain why so many different variants of
these small proteins are needed. In addition, the hydrophilic do-
mains may prevent accumulation of potentially dangerous, par-
tially assembled complexes that could either lead to increased
generation of reactive oxygen species or collapse the membrane
potential by introducing proton leaks. In this respect it is interest-
ing to note that the essential role of LMW subunits of photosystem
II in higher organisms may partly be explained by a demand for
higher stability of photosystem intermediates in the repair cycle
compensating for photodamage [40].
5. Conclusion and outlook
STMD subunits are small and simple proteins that are fre-
quently found as components of large membrane protein com-
plexes, where they serve as speciﬁc factors during biogenesis and
assembly processes. In contrast to other assembly factors they
remain associated with the macromolecular complex. STMD sub-
units are frequently but not exclusively found in membrane pro-
tein complexes that reside in specialized membranes, e.g. the
inner membrane of mitochondria. It seems that the general
function of STMD subunits is to organize and assist hydrophobic
subunits of membrane protein complexes especially in membrane
environments where assembly or maintenance of structural integ-
rity is more demanding than in simpler systems like the bacterial
plasma membrane.
The role of STMD subunits in regulation, assembly and stabiliza-
tion of large membrane protein complexes has been investigated in
different biological systems. STMD subunits typically feature
highly charged N- and C- terminal hydrophilic domains that ﬂank
the a-helix crossing the membrane. These polar domains are the
likely determinants that deﬁne the speciﬁc role of a given STMD
subunit. The rather poor sequence conservation not only in thetransmembrane part of STMD subunits suggests that their func-
tional speciﬁcity is primarily encoded through structural patterns.
Future studies should aim at determining the structural fea-
tures that govern a particular function of a given STMD subunit.
The fact that a rather large number of different STMD subunits
are found in complex I suggests that this multiprotein assembly
may be a good model for such analyses. The yeast genetic system
Y. lipolytica may prove useful for this purpose, as it allows for efﬁ-
cient gene inactivation and expression of genetically modiﬁed
STMD subunits in combination with good accessibility for proteo-
mic studies. Such studies may also shed light on the evolutionary
origin of the STMD subunits and how they became associated with
eukaryotic OXPHOS complexes.
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